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Edited by Angel NebredaAbstract Replication protein A (RPA) is a stable heterotri-
meric complex consisting of p70, p32 and p14 subunits. The pro-
tein plays a crucial role in SV40 minichromosome replication.
Peptides of p70 representing interaction sites for the smaller
two subunits, DNA as well as the viral initiator protein large
T-antigen (Tag) and the cellular DNA polymerase a-primase
(Pol) all interfered with the replication process indicating the
importance of the diﬀerent p70 activities in this process. Inhibi-
tion by the peptide disrupting protein–protein interactions was
observed only during the pre-initiation stage prior to primer syn-
thesis, suggesting the formation of a stable initiation complex be-
tween RPA, Tag and Pol at the primer end.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Replication protein A (RPA), a hetero-trimeric protein in-
volved in various aspects of DNA metabolism, is highly con-
served in its subunit structure, DNA binding activity and
posttranslational modiﬁcations in all examined eukaryotes
[1,2]. The requirement of all three genes coding for the p70,
p32 and p14 subunits for cell viability in yeast argues that
RPA functions in vital reactions as a complex [3]. The integrity
of the human trimer is also needed for Simian virus 40 (SV40)
cell-free in vitro DNA replication, since neither the p70 sub-
unit alone nor a sub-complex of p32 and p14 were able to sup-
port the reaction and antibodies directed against any one of
the subunits were able to inhibit the process [4,5].*Corresponding author. Present address: Carl Zeiss MicroImaging
GmbH, Carl-Zeiss-Promenade 10, 07745 Jena, Germany. Fax: +49
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(ssDNA) is mediated primarily by p70 [4,6]. The subunit is ori-
ented on the DNA in a polar fashion and positions the p32
subunit in the vicinity of the 3 0-end of a primer-template junc-
tion [7]. Binding occurs in three modes, whereby the protein
occludes 8–10, 12–23 and 28–30 nucleotides, respectively [8–
10]. The crystal structure of the ssDNA binding domain of
p70 bound to DNA comprises two structurally homologous
sub-domains, the so-called oligosaccharide/oligonucleotide
binding (OB)-folds, which form the DNA binding domains
A and B (DBD-A and DBD-B) [8]. The ssDNA lies in a cleft
extending from one domain to the other [11]. OB-folds corre-
sponding to other putative DNA binding domains have been
mapped to the N- and C-termini of p70 (DBD-C and DBD-
F) and both the p32 (DBD-D) and p14 (DBD-E) subunits
[12–16]. a-helices C-terminally located to OB-fold motifs of
DBD-C, -D, and -E are arranged in parallel and mediate tri-
merization [9].
The orchestration of SV40 in vitro DNA replication requires
the interaction of RPA with the viral initiator protein T-anti-
gen (Tag) and the cellular DNA polymerase a-primase (Pol)
and these interactions were mediated mainly by p70 and p32
[17–20]. Interaction sites of diﬀerent strengths have been
mapped to DBD-A and N-terminal sequences of p70 and to
a winged helix–loop–helix motif in the C-terminus of p32
[18,21,22].
To probe the importance of p70’s interaction with the other
two subunits, DNA and its replicative partner proteins we
have expressed speciﬁc regions corresponding to formerly de-
ﬁned structural domains and sub-sequences of those [23].
These peptides displayed properties expected from previous
deletion analysis. Peptide inhibition studies revealed that the
cooperation of all activities of the p70 subunit is essential for
the initiation process and that a stable primosome is assembled
on a primer, which acts in a processive manner.2. Materials and methods
2.1. Cloning and expression of RPA subunits
RPA subunit sequences were ampliﬁed from a cDNA library ob-
tained with the 5 0-RACE kit of GibcoBRL from human 293S cells
using primer pairs that allowed for directional cloning in ampliﬁcation
and expression vectors. Subunits were either expressed alone or linked
together in various combinations. Likewise sub-regions of p70 were ex-
pressed alone or co-transcriptionally with p14 and p32.blished by Elsevier B.V. All rights reserved.
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Baculovirus expressed Tag and Pol were immunoaﬃnity puriﬁed.
Bacterially expressed RPA, his-tagged RPA (H6-RPA) as well as topo-
isomerase I from calf thymus were puriﬁed by a combination of aﬃn-
ity, adsorption and ion-exchange chromatography steps. Maltose
binding protein (MBP)-fusion proteins were aﬃnity puriﬁed on amy-
lose resin according to the manufacturer’s instructions (New England
Biolabs). All p70 derived fusions were soluble and concentrations of
1 mg/ml and higher were obtained. If required, fusion peptides were
concentrated to 5–10 mg/ml using Centricon P-20 centrifugal ﬁlter
units (Millipore).2.3. Protein–protein interactions
17.5 pmol RPA (0.116 lg/pmol) were incubated with an equal
amount of Tag or Pol, which were coupled to beads via speciﬁc anti-
bodies, in the absence or presence of a 100-fold molar excess of pep-
tides. The amounts of co-precipitated RPA were quantiﬁed by
densitometric analysis of western blots developed with enhanced che-
moluminescence (ECL, GE Healthcare). Alternatively, Tag and Pol
were passed over amylose columns to which MBP-fusion proteins were
coupled at a ratio of 1 mg/ml. Bound proteins were eluted and detected
by western blotting using ECL.2.4. Protein–DNA interactions
100 pmol of RPA (0.116 lg/pmol) or MBP-fusion peptides were
incubated with 0.083 pmol circular single-stranded M13mp18 DNA
(2.4 lg/pmol). Free DNA was separated from protein–DNA com-
plexes by agarose gel electrophoresis. DNA was visualized by ethidium
bromide staining.2.5. Subunit complex formation
Various p70 MBP-fusion proteins were co-transcriptionally ex-
pressed with p14, p32 or both. Extracts were passed over amylose resin
to capture the MBP fusion and co-eluted subunits were analyzed by
SDS–polyacrylamide gel electrophoresis (SDS–PAGE) and western
blotting. To test for soluble proteins, crude extracts were analyzed in
parallel.2.6. SV40 in vitro DNA replication
SV40 in vitro DNA replication was carried out with S100 extracts
prepared from human 239S cells using 0.1 pmol of pUC-HS DNA
(2 lg/pmol), which contains the complete SV40 origin. The assay
was supplemented with ATP to drive the unwinding reaction catalyzed
by Tag, as well as other ribonucleotides (rNTPs) and (radioactive la-
beled) deoxyribonucleotides (dNTPs) to support the primer synthesis
and primer extension reactions catalyzed by Pol. The mix was assem-
bled on ice and the reaction was started by the addition of 6.25 pmol
Tag (0.096 lg/pmol). Incubation lasted for 120 min at 37 C. Five ll
of the reaction were spotted on DE81 paper to quantify incorporatedFig. 1. Interference of p70 peptides with protein interactions. Co-precipit
amounts of immobilized Tag (Panel A) and Pol (Panel B) in the presence of
Bound H6-RPA was detected with his-tag speciﬁc antibodies by western bl
fractions of H6-RPA bound in relation to the amount obtained in the presen
indicated. Lane 1 represents a loading control of 1/10th of the input materianucleotides. After removal of proteins from the rest of the sample by
phenol/chloroform extraction DNA was ethanol precipitated and dou-
ble restricted with EcoRI to linearize the DNA (form II) and DpnI to
remove any un-replicated template DNA. Products were separated by
agarose gel electrophoresis and analyzed by autoradiography. Peptides
were added at diﬀerent time points to the reaction at a 5–100-fold mo-
lar excess over Tag. Alternatively, the replication reaction was stalled
at the unwinding, primer synthesis and primer extension steps by omit-
ting ATP, other rNTPs and dNTPs, respectively. Peptides added to
these reactions were pre-incubated with the mix for 30 min prior to
the addition of the missing nucleotides to relieve the replication block.
2.7. DNA unwinding
For bidirectional unwinding reactions 6.25 pmol Tag (0.096 lg/
pmol) were incubated with 0.1 pmol supercoiled SV40-origin contain-
ing pUC-HS DNA in the presence of 1.2 pmol toposiomerase I (0.1 lg/
pmol) and 4 pmol RPA (0.116 lg/pmol) Where indicated, RPA was re-
placed by the same amounts of MBP-fusion peptides. Alternatively
peptides were added in addition to RPA. Under-wound DNA (form
U) was detected by agarose gel electrophoresis and ethidium bromide
staining and quantiﬁed by densitometric scanning.
Detailed protocols can be obtained in the methods section of the
Supplementary data.3. Results
3.1. Activities of p70 peptides
To probe the importance of diﬀerent parts of the p70 subunit
of replication protein A (RPA) for the replication process we
have expressed diﬀerent domains and sub-regions thereof as
soluble maltose binding protein (MBP) fusion proteins. Amino
acids 174–330 were suﬃcient for DNA binding, 1–173 for
binding DNA polymerase a-primase (Pol), 174–250 for bind-
ing both SV 40 large T-antigen (Tag) and Pol, and 421–525
as well as 525–616 for complex formation with the other two
smaller subunits (for a detailed characterization see results sec-
tion and Figs. 1 and 2 of the Supplementary data).
All fragments containing amino acids 174–250 reduced the
amounts of RPA co-precipitated with Pol and Tag, respec-
tively (Fig. 1). Peptide 1–173 reduced the co-precipitated
RPA only to a minor extent if tested with Pol, but showed
no eﬀect on RPA’s interaction with Tag. C-terminal derived
peptides did not reduce the amounts of co-precipitated RPA.
Peptide 174–250 was chosen to probe the importance of pro-
tein–protein interactions between replicative factors during cellations of 17.5 pmol soluble H6-RPA were performed with the same
a 100-fold molar excess of the indicated p70 competitor polypeptides.
otting and ECL detection. The numbers below the lanes refer to the
ce of MBP. The position of the p70 subunit bearing the histidin-tag is
l, whereas in lane 2 no RPA was added.
Fig. 2. SV40 DNA replication in the presence of peptide 174–250. (Panel A) Inhibition of SV40 DNA replication by peptide 174–250. The peptide
was titrated into the assay in increasing quantities deﬁned as a molar excess over the 6.25 pmol of Tag present in the assay (lanes 3 and 4). Lane 2 (0·)
contained no peptide and a control reaction MBP in a 100-fold molar excess over Tag (lane 7). Tag was back titrated with the indicated amounts
where indicated (lanes 5 and 6). Lane 1 (Tag) contained no Tag to determine background replication. (Panel B) Kinetics of inhibition by peptide
174–250. The peptide was added to the mix at the indicated times after start of the replication reaction with a 100-fold molar excess over the
6.25 pmol of Tag (lanes 3–8). Incubation continued for a total of 120 min. Reactions in the presence (+Tag, lane 1) and absence (Tag, lane 2) of Tag
without peptide served as positive and negative controls, respectively. (Panel C) Kinetics of inhibition relief by extra Tag. Reactions were supplied
with peptide 174–250 at the onset of the reaction in a 100-fold molar excess over the 6.25 pmol of Tag. After the indicated times an additional 6 pmol
of Tag was added (lanes 3–8). Incubation continued for a total of 120 min. Reactions in the presence (+Tag, lane 1) and absence (Tag, lane 2) of
Tag without peptide served as positive and negative controls, respectively. The position of the linearized plasmid DNA (form II) is indicated. The
numbers below each lane indicate the pmol of dNMPs incorporated.
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well with RPA’s ability to bind to both Tag and Pol, but
had on its own no DNA binding activity.
3.2. Inﬂuence of peptide 174–250 on cell-free SV40 DNA
replication
If peptide 174–250 was titrated into the replication assays in
the presence of Tag, incorporation rates decreased in a dose
dependent manner (Fig. 2A, lanes 2–4). Adding back extra
molecules of Tag restored incorporation levels (lanes 4–6).
MBP alone had no adverse eﬀect on the replication eﬃciency
(lane 7). Even at a 100-fold molar excess of the peptide over
Tag, replication rates did not drop to zero as exempliﬁed for
a reaction without Tag (compare lane 4 to lane 1). The peptide
interfered with the replication reaction only when it was ti-
trated into the assay within a maximum time delay of 15 min
after start of the reaction (Fig. 2B, lanes 4–7). In contrast,
incorporation levels comparable to the control reaction with-
out peptide were obtained when the peptide was added after
30 or 60 min (compare lanes 7 and 8 to lane 1).
Back titration of Tag at various times in the presence of the
inhibitory peptide could more eﬀectively restore the replication
activity if Tag was added within 15 min after start (Fig. 2C,
lanes 3–6). In these cases, incorporation rates that closely
matched the one obtained in the control reaction were ob-
tained (lane 2). If Tag was added after 30 or 60 min had
elapsed, its positive inﬂuence on DNA synthesis was substan-
tially decreased (lanes 7 and 8).
3.3. Inﬂuence of peptide 174–250 on diﬀerent steps during cell-
free SV40 DNA replication
The initiation of SV40 DNA replication can be divided into
diﬀerent steps including the assembly of the pre-initiation com-
plex, bidirectional unwinding catalyzed by Tag in the presenceof a single-stranded DNA binding protein, as well as primer
synthesis and primer extension carried out by Pol (Fig. 3A).
Complex formation and unwinding reaction comprise the
pre-initiation phase that lasted for about 15 min (see supple-
mentary Fig. 3). Reactions were set up with certain nucleotides
omitted to stall the reaction before some of these steps. Peptide
174–250 was added to these stalled reactions and incubated
with the mix before release of the block by providing the miss-
ing nucleotides. The peptide did not inhibit the unwinding
reaction per se, if it was supplemented prior to the addition
of ATP (Fig. 3B, compare lanes 1 and 2). If peptide 174–250
was present in the replication reaction before the unwinding
step, it inhibited nucleotide incorporation to a great extent
(Fig. 3C, lane 1). Intermediate and no inhibition were observed
if the peptide was added prior to the primer synthesis (lane 2)
and primer extension (lane 3) reactions, respectively.
3.4. Inﬂuence of other p70 peptides on cell-free SV40 DNA
replication
We also investigated other p70 regions for their inhibitory
inﬂuence on SV40 DNA replication (Fig. 4). Of these, all pep-
tides comprising the DNA binding domain (p70, 1–440, 174–
440, 174–330) showed strong inhibition (Fig. 4B). A near com-
plete stop of nucleotide incorporation were obtained at a 10-,
25- and 50-fold excess of p70, 1–440 and 174–330, respectively
(Fig. 4A). As a comparison, peptide 174–250 showed interme-
diate inhibition capabilities. A slight decrease in incorporation
levels was seen with peptides 1–173 and those derived from the
C-terminal part (441–616, 441–525, 525–616). No or very low
interference was observed for p14, p32, 250–330 and 330–440.
All inhibitory peptides other than 174–250 show inhibition
regardless when they were added into the reaction (Fig. 4B).
Particularly peptides with DNA binding capacity were
strongly inhibitory even when added at late times into the reac-
Fig. 3. Eﬀect of peptide 174–250 at diﬀerent steps during SV40 DNA replication. (Panel A) Enzymatic events during initiation of cell-free SV40
DNA replication. The sketch shows mechanistic views of the single steps: assembly of Tag, Pol and RPA on origin sequences and unmelting of
duplex DNA (step 1); recruitment of Topoisomerase I (Topo), extensive unwinding by Tag and coating of ssDNA by RPA (step 2); RNA primer
synthesis by the primase subunit of Pol (step 3); and primer extension with DNA by the polymerase subunit of Pol (step 4). Steps 1 and 2 belong to
the pre-initiation or lag phase and are ATP dependent, steps 3 and 4 comprise the initiation phase and depend on rNTPs and dNTPs, respectively.
(Panel B) Eﬀect of peptide 174–250 at the unwinding step. The peptide was added before the addition of ATP, which is needed for the bidirectional
unwinding reaction (lane 2). Lane 1 is a positive control without peptide. In lane 3 Tag was omitted. The position of supercoiled template DNA (form
I), topoisomers (form I 0) and underwound DNA (form U) are indicated. The amount of form U is given below each lane. (Panel C) Eﬀect of peptide
174–250 at diﬀerent replication steps. The peptide was added to the assay before unwinding (U, lane 1), primer synthesis (I, lane 2) and primer
extension (E, lane 3). The respective template DNAs present at the time point of peptide addition are supercoiled, underwound and primed
underwound plasmid DNA. All are represented by symbols below each lane. Reactions with (lane 4) and without (lane 5) Tag in the absence of the
peptide served as positive and negative controls. The pmol of incorporated dNMPs are indicated.
Fig. 4. Inhibition of SV40 DNA replication by speciﬁc regions of p70. (Panel A) Titration of peptides. Peptides were added in increasing amounts
expressed as fold molar excess over the 6.25 pmol of Tag present at the onset of the reaction. After a total of 120 min incubation time incorporated
nucleotides were determined and plotted versus the molar excess of the respective peptides. (Panel B) Inﬂuence of peptides on diﬀerent replication
steps. Peptides were added at a 50-fold molar excess over Tag before unwinding, primer synthesis and primer extension as indicated (>). The pmol of
incorporated nucleotides were determined for each case.
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tein (SSB) had similar inhibition capabilities (data not shown).
With the exception of peptide 174–250 addition of extra Tag
molecules did not relieve the inhibition caused by other inhib-
itory peptides (data not shown).4. Discussion
In this report we have expressed various sub-regions of the
p70 subunit of replication protein A as soluble maltose binding
protein (MBP)-fusions to study their inﬂuence on SV40 DNA
P. Taneja et al. / FEBS Letters 581 (2007) 3973–3978 3977replication. Speciﬁcally, we were able to express the protein
interaction-, complex formation-, and DNA binding-sites of
p70 and demonstrate their importance for the replication pro-
cess (see the discussion section of the Supplementary data for
more details on the activities of the peptides).
SV40 in vitro DNA replication exhibited a characteristic
initial lag time of about 10–15 min preceding the linear DNA
synthesis step, which lasted for 60–120 min (supplementary
Fig. 3) [24,25]. This lag time is referred to as the pre-synthesis
or pre-initiation phase, in which it is assumed that Tag, Pol
and RPA form a productive complex on the template DNA
(Fig. 3A) [26]. Since the initial delay can be overcome by pre-
incubation of cellular extracts with Tag and SV40 DNA prior
to the addition of nucleotides to start RNA/DNA synthesis,
the assembly of a pre-initiation complex consisting of the three
protein players on the origin DNA is considered to be the rate
limiting step [27]. It was exactly during this period that p70 pep-
tide 174–250 proved to be inhibitory when titrated into replica-
tion assays (Fig. 2A and B), suggesting that it interferes with
protein assembly. Indeed, the presence of the peptide reduced
the association of RPA with both Tag and Pol (Fig. 1) and it
was most potent when added prior to the unwinding step
(Fig. 3C). Consistent with this interpretationwere back titration
experiments in which additional Tag restored activity only dur-
ing the pre-initiation phase (Fig. 2C). Binding of the peptide to
Tag and Pol during the lag period might lead to unproductive
complexes at the transition to the initiation stage. Once the ini-
tiation stage comprising primer-synthesis and extension was
reached, interference capability was lost, implying that the
assembled initiation complex is stable enough to prevent the
peptide from gaining access to the bona ﬁde interacting surfaces
and that any re-arrangements of contacts between RPA and the
other replication factors during the later stages of initiation oc-
cur within tight complexes. On the other hand, the pre-initiation
complex seemed to be meta-stable, because only intermediate
inhibition was achieved if peptides were added before the primer
synthesis step. The assembly of the pre-initiation complex there-
fore seems to be reversible during the pre-initiation period, but
once the initiation complex (primosome) is formed, it acts in a
processive way during primer synthesis and extension.
Several other peptides reduced incorporation rates as well.
In these cases inhibition was not due solely to a disruption
of RPA’s interaction with Tag, since back titrating Tag did
not overcome the negative eﬀects (supplementary Fig. 4).
Hence interference with other replicative activities must have
caused or augmented inhibition, implying the importance of
various p70 domains for the replication process. For peptide
1–173 inhibition was due to sequestering Pol (Fig. 1 and sup-
plementary Fig. 1). Peptides 1–440, 174–440 and 174–330, in
addition to bind Pol and Tag, interacted unproductively with
single-stranded DNA akin to Escherichia coli SSB [19] and
can therefore prevent the formation of a productive initiation
complex, albeit they support bi-directional unwinding (see sup-
plementary Fig. 1). Finally, C-terminal peptides 441–616, 441–
525 and 525–616 could potentially interfere with processes that
require rearrangements between the DBDs of all RPA sub-
units. Such reorganization of the trimerization core is likely
to occur before the primer synthesis step, and results in a
switch in the DNA binding mode of RPA [8,9,28] (see discus-
sion section of the Supplementary data for more details).
Understanding the timed formation and signiﬁcance of pro-
tein–protein interactions during the diﬀerent steps of the initi-ation reaction remains an active ﬁeld of research [22,29]. The
peptides with their marked speciﬁcities should be helpful in
future studies to delineate more precisely the importance of
mutual interactions between RPA, Tag and Pol in this process.
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